Role of ceramic matrix and Au fraction on the morphology and optical properties of cosputtered Au-ceramic thin films
Au nanoclusters ͑NCs͒ containing Ͻ200 down to a few tens of atoms have attracted significant interest due to their peculiar optical and electronic properties.
1,2 Au NCs can be highly luminescent from visible to near-infrared range. The luminescence in Au NCs is expected to be useful in biological labeling, light emitting diodes, and optoelectronic logic gates. [3] [4] [5] [6] Some of the possible applications for NCs involve the recombination and transport of charge carriers through NCs. Therefore, the basic optical and transport properties of the Au NCs must be understood prior to application in devices. Recently, photoluminescence ͑PL͒ properties in Au NCs have been reported. [3] [4] [5] [6] The PL from the Au NCs could be viewed as a radiative recombination from the highest occupied molecular orbital to the lowest unoccupied molecular orbital transition, and from Fermi level electrons to occupied d-band holes. 5, 6 Moreover, the transport properties in Au NCs have been studied in recent years. [7] [8] [9] The Mott type insulator-to-metal transition of aggregates of Au NCs has been observed when the average distance of NCs decreases to below 1 nm. 7 Additionally, simultaneous hole-and electron-injections into discrete states and the electrontransfer dynamics based on the voltammetric charge transport measurements are demonstrated. 8, 9 For the photoexcitation of the Au NCs, the carriers generated at excited energy levels may relax into a lower energy level or be recaptured by neighboring NCs, similar to the behavior of quantum dots. 10 In particular, when the temperature ͑T͒ is increased, the thermally activated carrier transfer or thermally carrier escape among NCs will redistribute the carriers within the energy states. 10 These carrier transfer and/or recombination processes can affect the carrier distribution in the energy states, influencing device performance. While a number of investigations have been performed into the Au NCs, little attention has been given to the relationship between the optical and transport properties, or the carrier charge transfer in Au NCs. This study investigates the electrical conductivity and PL in Au NCs. The T dependence of PL intensity is found to be closely associated with that of electrical conductivity.
The Au NCs with dodecanethiol ͑DDT͒ were prepared based on a modified Peng reaction. 11 The details of the growth method are described in literature. 12 Briefly, the gold precursor solution was prepared by dissolving AuCl 3 in a didodecyldimethylammonium bromide solution. Decanoic acid was then combined with tetrabutylammonium borohydride in toluence, followed by the gold precursor solution. The synthesized Au colloids were further fragmented by adding the precursor solution, leading to formation of smaller Au NCs. The Au NCs with DDT were obtained by adding DDT in toluene, except the precursor solution. The particle size of Au NCs with DDT was estimated at 1.9Ϯ 0.2 nm from transmission electron microscopy, as displayed in Fig.  1͑a͒ . The solid-state Au NCs were formed on lithographically patterned silicon substrates by the drop-casting method upon evaporation of the solvent. 13 The electrical conductivity was measured in a simple two electrode configuration, 14 where a bias voltage ͑V͒ was applied by an electrometer a͒ Author to whom correspondence should be addressed. Electronic mail: jlshen@cycu.edu.tw. across two electrodes attached to a sample, and the resulting current ͑I͒ was measured. Changes as small as 10 −9 S / cm −1 can be measured using this setup. I-V characteristics curves were measured over a range from 10 to 300 K, using a cold finger of a closed-cycle helium cryostat. For the PL measurements, a diode laser with a wavelength of 470 nm and an average power density of 1.2 W / cm 2 was used as an excitation source. The PL was collected in backscattered geometry by a spectrometer, and detected using a cooled GaAs photomultiplier tube. Spectra were collected at a resolution of 1 cm −1 . 15 Figure 2 shows the variation of conductivity with T. For T Ͼ 170 K, conductivity increases with the decreasing T. This trend indicates a positive T coefficient of resistance, consistent with metallic behavior. For T Ͻ 170 K, conductivity shows a cross-over to a different regime, where the T coefficient of resistance is negative. This metal-nonmetal transition has been recently investigated in metal nanoparticles. 14, 16 For 170 K Ͼ T Ͼ 90 K, the conductivity in the Au NCs decreases exponentially with T as exp͑−E a / kT͒ ͑E a is the thermal activation energy͒, indicated by the dashed line in Fig. 2 , and revealing a simple thermally activated hopping.
14 In this hopping process, the conduction is shown by the decreased population of thermally activated carriers from localized to delocalized states by lowering T.
As T is decreased from 90 to 50 K, conductivity decreases with exp͑T 1/2 ͒, displayed by the solid line in Fig. 2 . The exp͑T 1/2 ͒ law has been previously found in the transport experiments in metal nanoparticles. 14, 16, 17 This behavior can be explained by the variable range hopping ͑VRH͒, where a charge carrier would jump a distance to maximize the hopping rate between the occupied and unoccupied states.
14 For 50 K Ͻ T Ͻ 170 K, the conductivity is a manifestation of the switching mechanism from an activated hopping at high T to a VRH behavior at low T. To describe the coexistence regime of the VRH and thermally activated hopping, a combined form of the above two mechanisms are used, as follows:
where E VRH is the activation energy for VRH. The calculation according to Eq. ͑1͒ is plotted as the dashed line in the inset of Fig. 2 . The fit is not appropriate to describe the conductivity for T Ͻ 50 K. To explain conductivity below 50 K, the conductivity due to VRH can be described by E VRH = ⌬a␣, where ⌬ characterizes the strength of static disorder, a as the distance between the nearest neighbor, and ␣ is the inverse localization length. 18 We assume ␣ is affected by the thermal structural fluctuations and written as 18
where ␣ 0 is static disorder, ␣ 1 is thermal structural fluctuations, and T d is a parameter associated with the twist angle fluctuations. If E VRH in Eq. ͑1͒ is replaced by ⌬a␣, then the solid line in the inset of Fig. 2 displays the calculation with thermal structural fluctuations. A good agreement with experiments suggests that the conductivity for T Ͻ 50 K is mostly influenced by the thermal structural fluctuations. Figure 3 displays the PL spectra of Au NCs with different T. The dashed lines in the inset of Fig. 3 display the two Gaussian components of the 12-K PL, assigning the highenergy and low-energy peak as the peak H and peak L, respectively. The open circles and squares in Fig. 4 show the PL intensities versus T for peaks H and L. The PL intensity for peak H is decreased, however, it reduces more rapidly for T Ͻ 50 K and 170 K Ͼ T Ͼ 90 K. On the other hand, the PL intensity for peak L decreases with T for T Ͻ 90 K, and then increases with T from 90 to 170 K. As T Ͼ 170 K, the PL intensity decreases.
Comparing Fig. 4 with Fig. 2 , it is notable that these two figures have same crossover T, namely, 50, 90, and 170 K. We, therefore, suggest that the PL intensities can be related to conductivity as follow: ͑i͒ For T Ͻ 50 K, the carrier scattering increases due to the VRH with thermal structural fluctuations, giving the carriers more opportunity to be trapped. This behavior reduces both the conductivity and PL intensity. ͑ii͒ For 50 K Ͻ T Ͻ 90 K, the VRH dominates the conductivity. The PL intensity continues decreasing because the thermally excited carriers can acquire energy and hop to an- 
where n H ͑T͒ ͓n L ͑T͔͒ is the carrier density in the high-͑low-͒ energy level; C H ͑C L ͒ is the number of carriers per second captured in the high-͑low-͒ energy level at 0 K; R H ͑T͒ ͓R L ͑T͔͒ is the radiative recombination rate for n H ͑T͒ ͓n L ͑T͔͒; and N Hi ͑T͒ ͓N Li ͑T͔͒ ͑where i = 1, 2, and 3͒ is the nonradiative recombination rate for n H ͑T͒ ͓n L ͑T͔͒. Given the thermal distribution, a part of the carriers is thermally escaped according to the following: where a ji is a constant and E ji is the activation energy. By considering luminescence intensity is proportional to the carrier density and quantum yield, the PL intensity for peak H͑L͒ can be calculated, as follows:
͑7͒
Equations ͑5͒-͑7͒ allow us to fit the PL intensity. The parameters used in the fit are listed in Table I . The solid lines in Fig. 4 give the fits, in reasonable agreement with the experiment. Thus, the T dependence of PL intensity can be described in the framework of the rate equation model, taking into account of the carrier transfer between the emitting states.
In summary, the correlation of the conductivity and PL of the Au NCs is evident at different T: ͑i͒ For T Ͻ 50 K, the scattering of carriers increases with T due to the thermal structural fluctuations, leading to an increase in trapped carriers and reducing both the conductivity and PL intensity. ͑ii͒ For 50 K Ͻ T Ͻ 90 K, the VRH mechanism reveals domination of the conductivity. The PL intensity continues decreasing as the carriers hop to another site. ͑iii͒ For 90 K Ͻ T Ͻ 170 K, the conductivity is described by simple thermally activated hopping. A rate-equation model is proposed for the carrier charge transfer between the emitting states. 
